The new era in the design of modern healthy buildings necessitates multidisciplinary research efforts that link principles of engineering and material sciences with those of building biology, in order to better comprehend and apply underlying interactions among design criteria. As part of this effort, there have been an array of studies in relation to the effects of building characteristics on indoor microbiota and their propensity to cause health issues. Despite the abundance of scientific inquiries, limited studies have been dedicated to concomitantly link these effects to the deterioration of 'structural integrity' in the building materials. This study focuses on the observed biodeteriorative capabilities of indoor fungi upon the ubiquitous gypsum board material as a function of building age and room functionality within a university campus. We observed that the fungal growth significantly affected the physical (weight loss) and mechanical (tensile strength) properties of moisture-exposed gypsum board samples; in some cases, tensile strength and weight decreased by more than 80%. Such intertwined associations between the biodeterioration of building material properties due to viable indoor fungi, and as a function of building characteristics, would suggest a critical need towards multi-criteria design and optimization of next-generation healthy buildings. Next to structural integrity measures, with a better understanding of what factors and environmental conditions trigger fungal growth in built environment materials, we can also optimize the design of indoor living spaces, cleaning strategies, as well as emergency management measures during probable events such as flooding or water damage.
Introduction
Indoor environments, as the main habitats of modern humans, encompass a complex mixture of viable and dead microorganisms [1] which can affect occupants' health and also deteriorate different parts of buildings. This may also lead to undesirable changes in the structural properties of the building materials [2] [3] [4] [5] [6] . Among different types of indoor microbiota, the fungal a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 density fiberboard (MDF) are more susceptible to the growth of Aspergillus, Trichoderma, and Penicillium spp. [31] , while wood types such as Douglas-fir heartwood are less susceptible to these microorganisms [32] . Inorganic compounds can also support mould growth due to dust absorption such as in the case of fiberglass insulation of ceilings [26, 29, 33, 34] . Types of flooring material, carpets in particular, have become another concern in the design of indoor spaces as they accumulate dirt and debris and can be associated with fungal growth [35, 36] . The commonly used synthetic polymers in these materials can also suffer from degradation [1] .
Gypsum boards, commonly known as 'drywall' and invented in 1894 [37] , are one of the most popular building materials that are made up of 'both organic and inorganic' components. This indoor material is made up of a gypsum plaster core composed of a naturally occurring mineral, calcium sulfate dihydrate (CaSO 4 �2H 2 O), which is sandwiched between two thick sheets of paper [38, 39] . Although the cellulosic paper is the main factor leading to vulnerable indoor materials susceptible to fungal growth [34] , the gypsum itself can also support growth due to its nutrient content and additives [27] . Other factors affecting the growth of these microorganisms on this indoor substrate include the presence of water as the limiting factor [25, 40, 41] in conjunction with the material content and characteristics (e.g., level of alkalinity [42] , porosity [43] , density [44] , and the presence of biocides [45, 46] ). Alongside the microbial driven biodeteriorative mechanisms, sufficient water and humidity levels, as well as abiotic factors such as temperature, photodegradation, and insects can also affect the structural integrity of materials [47] . Dampness in buildings is often associated with simultaneous factors including visible water damage or stains, visible mould, odours [22] , as well as biodeterioration of building materials and structures [48] . It has been reported that gypsum boards are highly associated with fungal growth from numerous species of Stachybotrys, Penicillium, Acremonium, Chaetomium, Trichoderma, and Aspergillus genera [25, 26, 33] . Furthermore, a study by Andersen et al. [49] , showed that Neosartorya hiratsukae, Chaetomium globosum, and S. chartarum were the dominant fungal species found on gypsum boards, but interestingly they were already incorporated into the material during production. Understanding the control factors influencing the fungal communities that are able to grow on this integral building material is deemed critical since preventative measures can cease the biodeteriorative abilities of these microorganisms and avoid costly remediations.
In addition, the association of the mechanical deterioration of building materials (here gypsum boards) with viable indoor fungal taxa, as triggered by different environmental selective pressures, is yet to be understood. Accordingly, the overall scope of this case study, conducted at a university campus, was to better understand the different environmental conditions that can lead to mould growth on a commercial gypsum board type and to link the identified fungal community composition of indoor dust to the mechanical and physical properties of the drywall samples, under a hypothetical scenario of water-damage/flooding. The specific questions of the study were: (1) Would different building characteristics/environmental variables (such as the age of building, different types of rooms, flooring type, temperature, humidity, occupancy level, general cleanliness) affect the diversity and abundance of the fungal community able to grow on the gypsum board? (2) If yes, are there health-risk fungi that would grow under particular building characteristics? (3) To which extent can the above differences in building characteristics and the associated fungal growths alter the biodeterioration of both physical and mechanical properties of the gypsum board?
Materials and methods

Dust sample collection and environmental assessment
Sample collection was conducted at the University of British Columbia-Okanagan Campus, Kelowna, Canada. The design of experiment consisted of three main controlled factors including (i) age of the building, (ii) type of room within the building (office, classroom, laboratory), and (iii) type of flooring (with or without carpet) ( Table 1 ). Other uncontrolled factors including room temperature, humidity, occupancy level, and cleanliness level, were also monitored and included in the analysis (as uncontrolled factors or random effects). Indoor Solar Powered Wireless Sensor (model WS-6020U-IT, La Cross Technology, USA) was used for indoor temperature and humidity measurements. Occupancy level was defined as low (<10), medium (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) , and high (>20), while general dustiness scoring was defined as 1: very clean, 2: moderate, and 3: unclean.
Dust samples were collected from a total of 51 rooms (two repeats per room; Table 1 ) using a passive petri plate gravitational dust settling method [50] . Empty (growth-medium-free) polystyrene petri dishes were set up 2.5 m above ground level in each selected environment for a duration of one month.
Material sample preparation and biodeterioration assessment
Under aseptic conditions, the collected dust from each room (after one month of exposure) in each petri dish was extracted using 125 ml of sterilized aqueous solution with 0.5% Tween 20 (Amresco, Solon, OH, USA). Subsequently, the contents were poured into sterile 500 ml glass bottles (S1 Fig). Commercially available regular gypsum boards (122 cm × 244 cm × 1.3 cm CGC Sheetrock Brand Ultralight Panels) with no modifications or additives were cut into 5 cm × 8 cm pieces. The gypsum boards were exposed to ultraviolet radiation for 24 hours (turned to expose all edges) and weighed. Since 2 petri dishes of dust were collected in each room, one was utilized for fungal community and growth coverage assessment (batch 1) and the other for physical and mechanical characterization (batch 2). Batch 1 gypsum boards were placed in the corresponding bottles and submerged in 125 ml of water and dust to assess the fungal growth level on each sample (n = 51). Wet controls with no dust were also submerged in water (n = 5), while dry controls with no dust were kept dry for the duration of the study (n = 5). Similarly, a batch 2 of cut gypsum boards (n = 51) was submerged into water and dust, along with wet controls (n = 10). A set of dry controls was also added (n = 10) prior to physical and mechanical testing. All samples (batch 1 and 2) were left at room temperature for 4 weeks to allow for fungal growth.
Fungal community and growth coverage assessment
Using batch 1 samples, percent fungal coverage on the gypsum boards were assessed in Image-J [51] with the following scoring scheme: For diversity and fungal community assessments, viable colonies of fungal taxa that were able to grow on the gypsum boards were transferred onto Potato Dextrose Agar (Difco, Detroit, Michigan, USA) and incubated at room temperature for one week. Pure cultures from all morphologically different colonies were sub-isolated for identification, using macroscopic and microscopic characteristics. The gypsum boards were further assessed for three pathogenic fungi that commonly grow on indoor wet materials: A. alternata, A. versicolor, and A. fumigatus [16, 25, 52] . Total DNA was extracted from 500 mg of fungi growing on each of the gypsum boards using the FastDNA SPIN Kit for Soil (MP, Biomedicals, LLC, Solon, OH, USA) according to the manufacturer's instructions. PCR amplifications were carried out using species-specific primers for each pathogenic taxon (Table 2) , confirmed by Sanger sequencing. Positive controls for each target taxa are described in Table 2 . A negative control, consisting of the reaction mixture without DNA, was also used in each PCR run.
PCR mixture (50 μl) contained 10 μl of 5X Green Go Taq Flexi Buffer, 200 μM dNTPs, 2 μl MgCl 2 (25 mM), 0.2 μM of each primer, 1.25 U of Go Taq G2 Hot Start Polymerase (Promega, Madison, WI, USA), nuclease-free water (IDT-Coralville, IA, USA), and 2 μl of extracted DNA (5 ng/μl). The PCR conditions started with an initial DNA denaturation (94˚C for 2 min), followed by 30 cycles of 1 min at 94˚C (denaturing), 1 min of annealing at temperatures specified in Table 2 , and 1 min at 72˚C (extension), followed by a final extension of 5 min at 72˚C. The size ( Table 2 ) and specificity (unique band) of PCR products were then determined by comparison with DNA standards (1kb DNA Ladder, Invitrogen, CA, USA) after agarose gel electrophoresis.
Mechanical biodeterioration assessment. Batch 2 specimens were randomly divided into two groups for (a) physical property testing: (dry control; n = 5), (wet control; n = 5), (samples with varying ranges of % growth coverage; n = 25), and (b) mechanical property testing (dry control; n = 5), (wet control; n = 5), and (samples with varying ranges of % growth coverage; n = 21). Group (a) specimens were drained of excess water and placed in an oven at 50˚C for one week to measure their dry weights. For tensile testing (group (b)), the gypsum boards were air-dried, the paper backing was separated, and cut in half vertically. The tensile tests were performed using the Instron 5969 machine and the strength property of material samples was measured under a modified ASTM D828-97 standard. The modification included the removal of the paper backing from the gypsum (containing less fungal growth) prior to tensile testing and cutting the samples vertically in two in order to prevent the gypsum from dominating the paper tensile strength. For microstructural visualization purposes, selected gypsum board papers with varying ranges of % growth coverage (n = 10), as well as dry (n = 3) and wet controls (n = 3), were tested using a Tescan Mira3 XMU Field Emission Scanning Electron Microscope/SEM (Tescan, Kohoutovice, Czech Republic) on fractured surfaces.
Statistical analysis
Nested Generalized Linear Model (GzLM; with a multinomial logistic regression as the link function) was used to assess the associations between the controlled environmental factors (age of the building, type of room within the building, and type of flooring) and the fungal growth coverage and fungal diversity responses, using SPSS (IBM, USA). The contribution percentage of the controlled parameters was assessed using the maximum likelihood method.
For each type of analysis where the normality assumption was not met, the parametric test of ANOVA was used, with a Dunn-Bonferroni post hoc test. The principal component analysis (PCA) [54] correlation was employed to test the direct association between fungal growth coverage level with both physical (weight loss) and mechanical (tensile strength) properties of the gypsum boards. Finally, Spearman correlation analysis was employed to investigate the relationship between fungal growth coverage with physical and mechanical properties.
Results
Fungal community and growth coverage assessment
Results showed that diverse indoor fungal taxa can grow on gypsum boards in the presence of humidity with Aspergillus spp., Penicillium spp., and Cladosporium spp. being the most common, and Alternaria spp., Stachybotrys spp., and Fusarium spp. being the least common fungi found in indoor environments (Table 3 ). When considering the tested indoor factors influencing fungal diversity (richness), the age of building (χ 2
(1, N = 51) = 12.37, p = 0.000) and type of room (χ 2 (2, N = 51) = 11.39, p = 0.003) were found to be significantly associated with taxonomic richness, while type of flooring did not (χ 2 (1, N = 51) = 2.70, p = 0.100) (Fig 1) . The % growth coverage of fungi was similarly associated with the age of building (χ 2 (1, N = 51) = 50.34, p = 0.000), and type of room (χ 2 (2, N = 51) = 27.44, p = 0.000), while type of flooring Environmental factors influencing fungal growth on gypsum boards and their structural biodeterioration had no significant effect (χ 2
(1, N = 51) = 3.05, p = 0.081) (Fig 1) . More specifically, the older buildings clearly had a higher fungal diversity (3.1±1.3) than the newer buildings (2.2±0.9) The relationship between indoor factors of (a) age of building, (b) type of room, and (c) type of flooring, influencing % fungal growth coverage range (1-5) and fungal diversity (# of genera) on gypsum board samples across 51 sampled rooms on campus. Control samples had no fungal growth. Capital letters between boxplots indicate significant differences in % growth coverage and fungal diversity between the factors using GzLM and Dunn-Bonferroni post hoc tests (p<0.05).
https://doi.org/10.1371/journal.pone.0220556.g001
Environmental factors influencing fungal growth on gypsum boards and their structural biodeterioration ( Fig 1A) . The laboratories across the campus had a higher fungal diversity (3.2±0.9) when compared to offices (2.2±0.9) (Fig 1B) . No significant differences, however, were observed for the classrooms (2.9±1.4) compared to the laboratories and offices (Fig 1B) . Similarly, older buildings led to a higher coverage by fungal growth on the samples as 3.7±1.1 (mean ± SD), while the newer buildings led to a lower amount of fungal growth as 1.7±1.1 (Fig 1C) . The laboratories across the campus had a higher % growth coverage (3.7±1.2) when compared to offices (2.1±1.2) (Fig 1D) . No significant differences, however, were observed for the classrooms (3±1.6) compared to the laboratories and offices (Fig 1E) . The wet control (n = 5), and dry control (n = 5) samples had no observed fungal growth. Overall, the fungal taxonomic richness (# of genera) was positively correlated with % growth coverage of fungi on the gypsum boards (Rho = 0.74, n = 51, p<0.01) (Fig 2A) .
The random effects from uncontrolled factors that varied from room to room, including temperature, humidity, dustiness, and occupancy level were also analyzed. The plot in Fig 3 shows the interrelationship between these random (uncontrolled) variables and controlled variables of the age of building and type of room. The results of the clustering pattern (Fig 3A) via PCA supported the earlier analysis results on overall differences among the age of buildings. The older buildings compared to the new buildings are associated with having a higher temperature (22.5 ± 0.2˚C; 22.3 ± 0.2˚C), relative humidity (39.1 ± 1.6%; 37.8 ± 1.1%), and dustiness scores (2.2 ± 0.7; 1.9 ± 0.1), and a low or no association with occupancy level (Fig 3A) . The latter was well justified by the fact the buildings had a similar number of classroom capacities and labs. A very distinguishable pattern among different types of rooms was also evident (Fig 3B) . It can be induced that on average in each building, although no differences in temperature, humidity, and dustiness were found between the rooms (Fig 3B) , the labs had slightly higher values (mean temperature: 22.50 ± 0.2˚C; mean relative humidity: 39.64 ± 2.1%; mean dustiness score: 2.75 ± 0.5), compared to the classrooms (22.36 ± 0.2˚C; 38.53 ± 1.0%; 1.95 ± 0.6) and the offices (22.35 ± 0.2C; 37.9 ± 1.3%; 1.7 ± 0.8). In addition, the different types of rooms displayed a very significant association with the occupancy level, with classrooms as the most occupied space as expected (Fig 3B) .
Detection of health hazardous fungal species
When comparing the fungal types observed on gypsum samples of older and newer buildings, there was a significantly higher proportion of rooms in older buildings with A. alternata (Fig 4) . The trace of these five indoor fungal species hazardous to health was only found in dust samples from older buildings and on average more in the classrooms and labs that had higher dustiness levels (compare Fig 3 and Fig 4 for dustiness levels and variations in the presence of these fungal species across varying environments). No significant differences in the diversity of fungal genera were observed for the different types of rooms and flooring.
Biodeterioration assessment: Weight loss and tensile testing
Analysis of the dry weights of gypsum boards showed a significant weight loss over time, F 6,35 = 9810.2, p<0.05 (Fig 5A) . The wet control samples had an insignificant weight loss (12.7 ±0.10%) compared to the dry control groups (12.4±0.2%) (Fig 5A) . The weight and physical property of the gypsum boards decreased as the % coverage of fungal growth increased ( Fig  5A) . The highest coverage range of fungal growth on the gypsum boards showed a 56.3±0.5% decrease in weight over time (Fig 5A) . The physical (weight loss) and mechanical (tensile) properties of the gypsum boards were negatively correlated (r = -0.924, n = 21, p<0.01) ( Fig  2B) . In addition, the growth of fungi on the gypsum boards had a significant effect on the mechanical properties of the material, F 6,31 = 396.3, p<0.05 (Fig 5B) . The wet control samples had a 20% decrease in the tensile strength (8.2±0.4 MPa) when compared to the control groups (10.1±0.7 MPa) (Fig 5B) . The tensile strength of the paper backing of the gypsum boards decreased as the % coverage of fungal growth on the gypsum boards increased (Fig 5B) . The highest % coverage range of fungal growth on the gypsum boards showed an 86% decrease in the tensile strength. The gypsum board samples exposed to high humidity and fungi also led to the microstructural defects, as evident by cracks in the paper-backing, presence of powdered gypsum in the glass jars, and the gypsum and paperback interface separation. Fig 6A shows the SEM images of the control gypsum board samples, which were UV sterilized and contained no observed fungal growth on the surface of these materials. Fig 6B show SEM images post-tensile testing, with a clear visualization of spores and fungal hyphae. The fungi grew on the paper backing and the gypsum under ambient conditions (submerged in water and fungi from the collected dust samples). The damaged cracked fibers of cellulosic wood and fiber pull-out due to tensile testing of these samples is also seen to be much greater compared to the control samples (Fig 6) .
Discussion
The above tests examined the environmental conditions and factors that may lead to fungal growth on water-damaged building material of gypsum boards and observed the biodeteriorative (1-5). Dry control samples were not exposed to water or dust, while wet control samples were only exposed to water. Error bars indicate standard deviation. Columns with different capital letters for (A) indicate significant differences in relative weight loss using ANOVA and Tamhane's post hoc tests (F 6,35 = 9810.2, p<0.05), and for (B) significant differences in tensile stress using ANOVA and Tamhane's post hoc tests (F 6,31 = 396.3, p<0.05). capabilities of these organisms. Different building attributes and environmental conditions across the studied campus statistically influenced the fungal growth and its diversity on the conditioned gypsum boards. The findings show that older buildings on campus, on average, have a higher concentration and diversity of fungal taxa in the air, leading to higher mould coverage and biodeterioration on the gypsum boards. These observations are aligned with earlier findings in the literature [44, 55] . In particular, it can be attributed to the antiquated building material and techniques used for aged buildings, which have shown to hold higher moisture levels compared to new buildings [45] , as also observed in this study where the older buildings had higher humidity and temperature on average. Some building materials such as solid lumber and bricks used in older buildings, however, have occasionally been reported to be advantageous compared to gypsum boards, since they have a high saturation threshold for moisture and hence can decrease condensation levels and be less susceptible to fungal growth [32] . The variation of the structural-frame is also a factor, since the concrete-frame of newer buildings have more CO 2 and hydrocarbon emissions, while the steel-frame of older buildings have more volatile organic compounds (VOCs) and heavy metal emissions [56] . Older steel-framed buildings also have higher thermal conductivity and heat transfer, which can create higher temperatures in these buildings compared to newer buildings, which was supported by our results. Another related point is the atria existing in the older buildings, which contain plants that can also increase humidity and affect fungal diversity [45] . Some rooms within the aged buildings, depending on their functionalities, can also accumulate a higher dust level and lead to more indoor fungal spores and biodeterioration of gypsum boards. This can be due to the poorly insulated building envelopes, low airtightness, and less efficient heating ventilation and air conditioning (HVAC) systems, or may be due to the increased level of activities and number of occupants in those rooms [57] . Therefore, older buildings require more diligent monitoring and prompt remediation in cases of e.g. water leakage, flooding, and mould growth.
When observing the different types of rooms and their influence on fungal growth and diversity, classrooms with the highest occupancy level, showed a higher coverage and diversity compared to offices with low occupancy levels. People in high occupancy environments can SEM micrographs of gypsum board samples. SEM of (A) the control pieces which were UV sterilized and not exposed to dust and high humidity conditions, and (B) the gypsum board pieces post tensile testing upon 4 weeks of exposure to dust and high humidity conditions. https://doi.org/10.1371/journal.pone.0220556.g006
Environmental factors influencing fungal growth on gypsum boards and their structural biodeterioration create higher dust levels that enable microorganisms to grow [16] , transport more bioaerosols from outdoor environments [58] , and also increase humidity and temperature in indoor spaces [45] . The increased air velocity current by the movement of occupants can release more spores [59, 60] . Although labs had a medium occupancy level, they also had a higher fungal coverage and diversity response compared to the offices. The increased activity level of the laboratory's occupants from conducted experiments and the use of materials and equipment can create high dust levels. Sources of fungi in labs could vary from field samples, animal testing, by-products purchased and stored materials that have accumulated fungal spores over time, to the experimenters' labware. In addition to these effects, it is also important to note that labs and classrooms have HVAC systems that have a higher air change rate. This greater airflow can lead to an increased concentration of spores in these environments and as a result, increase fungal growth and diversity [61, 62] . Lab rooms in our study also contained windows that remained closed the majority of the time, which would lead to poor air circulation and increased humidity and temperature [63] .
The factor of flooring type had no significant effect on the fungal growth and diversity observed on the tested gypsum board samples. However, it showed a favourable trend towards slightly increasing coverage and diversity of the indoor fungi, which is in support of the findings by Sharpe et al. [45] and Wani et al. [64] . In essence, carpets can provide a habitat to support fungal growth even without moisture damage and can increase indoor populations of fungi [65] . In contrast, Chew et al. (2003) found that although carpets contained a higher dustborne fungal concentration than non-carpet rooms, it did not lead to higher levels of airborne fungi in the built environment [66] .
Interestingly, concerning the fungal composition formed on the gypsum board samples, the most frequently occurring species in our study were consistent with earlier reports on the species composition of dust [59] . Namely, the results of our study displayed an abundant presence of Aspergillus, Penicillium, and Cladiosporium spp., and a lower abundance of Alternaria, Stachybotrys, and Fusarium spp. which is found in the atmosphere. This observation is consistent with previous findings [59, 67] , which suggested that the most abundant species found produce small, light spores, in comparison to those that are less abundant and produce fewer, bigger, and heavier spores that are not easily airborne. The abundance of smaller spores can also be more problematic and cause allergenic responses when inhaled [59] . Our results suggested that environmental conditions and characteristics unique to each type of room within buildings can exert an influence on microbial communities available in that environment.
It is also important to note that this study focused on a fractional diversity of indoor fungal taxa since only viable fungi that were able to grow on the gypsum boards were tested and analyzed. From all of the observed fractional fungal taxa across the campus, A. alternata, A. fumigatus, A. niger, A. versicolor, and S. chartarum were found only in rooms of the older buildings. Stachybotrys spp. are most often associated with moist building conditions [27, 40] , which possibly explains why their spores were most often found in older buildings that had higher humidity conditions. On the other hand, since Stachybotrys spp. produce spores in wet slimy heads and are not readily airborne [27, 67] , their presence might be just as prevalent in newer buildings but not detectable. This could be due to other underlying factors that would aerosolize their spores in older buildings. No significant differences in fungal composition were observed between the different types of rooms and flooring conditions in the current case study, which may suggest that fungal spores are ubiquitous with respect to these two factors and disperse from outdoor sources [68] . The presence of Alternaria spp. in older buildings was also higher since they had higher humidity conditions and more rooms sampled with carpeted flooring, which can increase such fungi [64] .
Fungal growth is a key agent of structural decay, which can change the structure of the paper backing of gypsum boards with a negative impact on their physical and mechanical properties. Biodeteroration can also affect the physical and mechanical properties of many other material substrates including wood, polyvinyl chloride (PVC), natural fibers, etc. [6, 47, 69] . The results of the study clearly indicate that deterioration by microorganisms can decrease both physical and mechanical properties of gypsum board material, as shown by the increased weight loss and decreased tensile strength of test samples. The wet control samples that contained no fungal growth, however, did not significantly affect the physical properties of gypsum boards, which shows that water coupled with the microbial growth is what mainly affects the physical properties of this material. In contrast, the wet control samples significantly affected the mechanical properties despite no fungal growth on the materials. The increased moisture exposure and fungi can create voids between the bondage and attachment of gypsum and paper, and as a consequence lead to extensive de-bonding and reduction of the material load carrying capacity. This is supported by a study from the Canada Housing and Mortgage Corporation that found a 0-2% decrease in the flexural strength and an increase in moisture content by 5% caused gypsum panels to crumble [70] . The porosity of the gypsum can also decrease the mechanical properties of gypsum board materials [71] since they have high water holding capabilities and lead to fungal growth [43] . This high moisture retention can additionally lead to the aggregation of gypsum crystals which reduces contact with neighbouring crystals and lowers the structural efficiency of the material [71] . Structural properties of gypsum board materials are important for building designers, as they are frequently used in construction, and thus evaluating how microorganisms may affect these materials performance is crucial. In particular, further research can aid manufacturers, building designers, and construction workers to i) uncover novel materials that are less susceptible to fungal growth, ii) to optimize the design of built environments via energy efficiency, control of temperature, and humidity conditions, iii) increase the application of mould-resistant gypsum boards, and iv) identify new feasible and efficient remediation techniques.
When observing the mould on the gypsum board samples for health hazardous fungi, five fungal species (A. niger, A. fumigatus, A. versicolor, A. alternata, and S. chartarum) that are known to be human pathogens were detected only in older buildings. It is known that most fungal species present in indoor environments come from outdoor sources [23] . Although only a fraction of fungal species present in outdoor environments has been detected in indoor environments [67] , numerous health effects have been attributed to these indoor fungi [27, 52, 59] . The presence of these pathogenic fungal species can lead to mycotoxins (such as ochratoxin, gliotoxin, sterigmatocystin, and trichothecenes) and VOCs, which can increase the prevalence of diseases [25, 64] . Exposure to the allergenic fungi A. alternata can induce skin and pulmonary infections [40, 45] . S. chartarum, commonly known as black mould, can also lead to sick building syndrome (SBS), which can lead to unpleasant odors in indoor environments and symptoms such as headaches, dizziness, fatigue, and difficulty concentrating [3, 29] . As reviewed in the introduction, indoor mould growth can also have a major economic impact and increase health care costs, building repair costs, and business costs [72, 73] . Thus, human exposure assessment and environmental evaluations, next to structural performance assessments, are deemed an essential component of healthy building design, especially after events such as major water damage or flooding.
Concluding remarks
Although there have been a number of studies on indoor factors affecting fungal growth on different building materials, the underlying mechanisms of such association with building characteristics are not well understood and require further experimental investigations. The Environmental factors influencing fungal growth on gypsum boards and their structural biodeterioration results of this campus-wide case study suggested that older buildings and their laboratories and classrooms would require more diligent monitoring, proper ventilation, and frequent cleaning (e.g., as a proactive measure for potential water system damage, flooding, natural disasters, etc.). The type of flooring (presence or absence of carpet) was seen to be a second order effect influencing the level of fungal growth and diversity on building materials. The role of fungi in the material structural deterioration was strongly supported by the performed tests on gypsum boards, which demonstrated that different fungal microorganisms can affect both physical and mechanical properties, as well the microstructural integrity of the gypsum boards over time. It is important to note that this study used a simulated extreme case of high humidity conditions and although these fungal species were found to be present in the indoor environment, exposure levels of the airborne microorganisms were not measured and should be considered for future studies. It is also important to note that the significant factors identified are only a fraction of those available that can affect indoor microbiota. Further research is recommended to expand knowledge on the interactions between the deterioration of other types of engineered materials and built environmental biota as a function of building characteristics. Such new insights can eventually enable optimal design of highly microbial-resistant building materials while decreasing long-term economic losses and occupant health concerns. 
Supporting information
